Abstract-The possible ecotoxicological effects of a paper and pulp mill effluent were investigated by measuring selected contaminants and biomarkers in caged Nile tilapia (Oreochromis niloticus) and sharptooth catfish (Clarias gariepinus) from the Karnaphuly River, Bangladesh. Fish were caged for 28 d at two upstream reference sites (2 and 4 km) and four downstream sites (3, 5, 8, and 12 km) from the effluent outlets. Organochlorine contaminants and bile biomarkers were bioaccumulated to higher levels at downstream polluted sites than at the reference sites, including hexachlorobenzene (HCB), hexachlorocyclohexane (HCH), polychlorinated biphenyls (PCBs) in liver, and chlorophenolic compounds like 2,4-dichlorophenol and 2,4,6-trichlorophenol in bile. Levels of glucose, protein, and aspartate aminotransferase were analyzed in plasma, whereas cytochrome P4501A (CYP1A) levels were determined in S-12 supernatants of liver. The results, including CYP1A induction and bile biomarkers, clearly indicated that, in addition to the paper and pulp mill effluents, the downstream sites appear to receive other inputs of contaminants. This field assessment in a Bangladeshi river demonstrates biomarker measurements in caged fish as a promising approach for evaluating accumulation and effects of industrial effluents in fish of developing countries.
INTRODUCTION
In developing countries, untreated industrial, municipal, and agricultural wastes are a major cause of concern. Industrial establishments are often located on the banks of rivers or other waterways where waste treatment facilities are lacking. They discharge their solid and liquid wastes directly or indirectly into the water bodies and finally find their way into the ocean.
In Bangladesh, paper and pulp mills use large volumes of water during scouring, bleaching, digesting, rinsing, costication, lime treatment, and other finishing processes. Paper and pulp mills are normally located at the banks of rivers or lakes to ensure adequate supply of water and a means of disposing effluents, which are generally characterized by high concentrations of chemical oxygen demand, biological oxygen demand, suspended solids, extreme pH, and elevated temperatures. The effluents contain a complex mixture of bleaching agents, dyes, fluorescent whitening agents, different acids, coagulating agents, China clay, and many other organic and inorganic chemicals, including some metals and naturally occurring wood extractives, especially resin acids [1] . Moreover, the use of chlorine as a bleaching agent causes the formation of dioxins and furans [2] and chlorinated phenolics such as chlorophenols, chloroguaiacols, and chlorocatecols [3] . The daily discharges of effluents from one paper and pulp mill, namely, the Karnaphuly Paper and Pulp Mill (KPM), was more than 13 metric tons (KPM monthly report on disposal data of February 1998). The KPM is well known as a major polluting industry for the past 40 years.
Foaming detergents usually cause aesthetic problems and preclude downstream use of water, which carries chemicals used in digesting, bleaching, and washing and may impart unpleasant tastes and odors to water and fish. Oil and grease and acidic or alkaline wastes can also be harmful to aquatic biological systems. In addition, many of these chemicals used in paper and pulp mills are known to be mutagenic, and some are suspected of being carcinogenic. Untreated paper and pulp effluents may therefore pose a hazard to aquatic life and possibly to human health [4] [5] [6] [7] . The observed effects on fish include significant reduction in oxidative enzymes and tissue respiration, histopathological and hematological changes, delayed sexual maturation and change of sexual behavior, reduction in food intake, and reduced growth rate conversion efficiency [4] [5] [6] [7] . The induction of the cytochrome P4501A (CYP1A) system in different fish species has been widely used as a biomarker of contamination in the aquatic environment. Studies undertaken in freshwater systems have demonstrated the induction of CYP1A in caged fish exposed to organic pollutants in industrial effluent [8, 9] .
An important part of biomarker research is the evaluation and validation of biomarker responses in field studies. In the field, catch of feral fish is often problematic in terms of catching the right number, size, and species of fish as well as pre- venting nonsedentary organisms from migrating away from or into polluted areas, establishing a cause-effect relationship. Laboratory studies, on the other hand, often fail to re-create the mixed exposure of toxicants occurring at the sites of concern. Caging of fish may combine the advantages of laboratory trials and the realistic results of field studies for bioavailability, bioaccumulation, and biomarker effects of contaminants in fish [8] [9] [10] .
In the present study, a genetically homogeneous group of fish was subdivided and placed at different locations to evaluate contaminant accumulation and biomarker responses. Nile tilapia (Oreochromis niloticus) and sharptooth catfish (Clarias gariepinus) were subjected to four weeks of caging in the Karnaphuly River at six different sites with different distances from the effluent outlets of the KPM. In this study, biotransformation enzyme (CYP1A) levels in hepatic tissue; levels of fluorescent aromatic compounds (FACs) and chlorinated phenolics (CPs) in bile; levels of persistent organochlorines like polychlorinated biphenyls (PCBs), dichlorodiphenyl-trichloroethane (DDT), HCB, and hexachloro-cyclohexanes (HCHs) in liver; and PCBs, DDT, and metal contaminant content in sediments were measured.
The two specific objectives of the present field study were, first, to determine the utility of several sets of biomarkers as early warning systems for exposure of aquatic fish resources to contamination in the tropical waters of developing countries, like Bangladesh, and, second, to identify the pollution status of the Karnaphuly River at specific sites by exploring the possibility of using different fish species as indicators of pollution in the freshwaters of Bangladesh.
MATERIALS AND METHODS

Study area
The Karnaphuly River (Fig. 1a) originates from Luassai Hill in India (22Њ53ЈN, 92Њ27ЈE) and reaches the Patenga coast of the Bay of Bengal (22Њ12ЈN, 91Њ47ЈE) through the district of Chittagong (22Њ30ЈN, 92Њ15ЈE) in Bangladesh. In 1961 at Kaptai, 75 km from the Patenga coast, the Kaptai hydroelectric power dam created the largest man-made lake in Southeast Asia, covering an area of more than 58,000 ha [11] . For the first 12 km below the dam, the river is about 600 m wide with an average depth of 12 to 15 m but widens nearer the coast to 2 km, with an average depth of 20 to 25 m. For more than 40 years, this river has served as the only recipient of waste effluents from major industries, located on both sides of the river. High levels of metals and pesticides have also been reported in Karnaphuly River and territorial waters since the 1980s [12] .
The study area stretches from sites S 1 to S 2 (assumed as reference sites upstream in the river) to sites S 3 to S 6 , which are downstream sites with relatively high anthropogenic impact (Fig. 1b) . The sites were chosen so as to determine a possible pollution gradient in the river. Land use around the study area was mainly agro-forestry, and industries did not have significant impact on the riverine aquatic environment, except the KPM and three small timber-processing plants. The paper and pulp mill is located about 8 km downstream from the hydroelectric dam and discharges its effluents into the river through three major outlets.
Experimental design
Nile tilapia (O. niloticus) and sharptooth catfish (C. gariepinus) were chosen because they are available from aquaculture farms and relatively tolerant to environmental stress. They are pelagic and benthic species, respectively, and both are now abundant species in Bangladeshi freshwaters. A pilot test eliminated six endemic fish species (Pangasius sutchi, C. batrachus, Notopterus notopterus, Channa puntatus, Cirrhinus mrigala, and Labeo calbasu) because of extremely low survival in the study area (see Results).
Farm-reared Nile tilapia (170 Ϯ 32 g and 20 Ϯ 3 cm) and sharptooth catfish (350 Ϯ 38 g and 33 Ϯ 4 cm) were collected from the local farm pond of Satkania upazila, Chittagong, Bangladesh, and were kept in four separate concrete tanks containing water from reference site S 1 . The fish were acclimatized to the ambient temperature of 28 to 29ЊC for 4 to 5 d. The entire water volume was changed every second day, and the water was aerated throughout the acclimation period. Fish were fed once a day with chopped fresh fish (Gudusia chapra Hamilton and Corica soborna Hamilton) at 5% of their total body weight.
Fish were transported in fiberglass containers with oxygenation to six selected caging sites in the Karnaphuly River (Fig. 1b) . The sites were designated S 3 (3 km downstream of the KPM effluent outlets), S 4 (5 km downstream), S 5 (8 km downstream), and S 6 (12 km downstream) serving as the comparatively polluted sites, while S 1 (4 km upstream of the KPM effluent outlets) and S 2 (2 km upstream) served as the reference sites. The 1 m 3 cages were placed 0.5 to 1 m above the riverbed and at least 2 m below the water surface. The cages were made with multifilament twin net of 1.5-cm mesh size, were kept afloat using bamboo and plastic floats around the top of the cage, and were kept stationary by anchoring to the bottom. One pocket was made at the top of each net to collect the fish from the cage. Each cage was also tied to the shore to prevent drifting by water current.
Tilapia and catfish were caged for four weeks [8] at the selected sites (n ϭ 10 and n ϭ 20 per cage, respectively). All tilapia were male fish, while catfish were 50% male and 50% female. The temperature of the water was 30 Ϯ 2ЊC. Fish were fed once a day with chopped fresh fish (G. chapra Hamilton and C. soborna Hamilton) at 3% of their total body weight, but feeding was stopped 24 h before sampling. Fish health and mortality were checked every day before feeding, while water quality was determined every alternate day.
Sediment samples were collected with an Ekman dredge (Wildeo, Saginaw, MI, USA) (15 ϫ 15 ϫ 15 cm) from the uppermost 5 to 6 cm of the sediment layer from each site for analyses at the end of the field trial.
Sampling of fish
At the end of the caging period, fish were taken out of the cages for sampling. External signs such as fin rot, skin ulcer, and external lymphocystis (viral infection visible as white, cystlike structures on the skin) were examined before blood was collected from the caudal vein with heparinized syringe as described by Beyer et al. [10] , transferred to heparinized Eppendorf tubes, and stored at 4ЊC for 1 to 3 h. Then the plasma was prepared by centrifuging the blood at 1,500 g for 10 min. The plasma samples were kept in liquid nitrogen and later stored at Ϫ80ЊC until analyzed.
A blow to the head killed the fish, and length and weight were measured. Bile was carefully removed from the gallbladder using a hypodermic needle and stored in liquid nitrogen for metabolite analysis. The liver was then removed, washed briefly in ice-cold homogenization buffer (0.1 M Naphosphate buffer containing 0.15 M KCl, pH 7.4), blotted dry, weighed, and immediately transferred to liquid nitrogen. Liver, bile, and plasma samples were transported to Bergen, Norway, where further analyses were done. The condition factor (CF; body wt [g] ϫ 100/length [cm] 3 ) and liver somatic index (liver wt [g] ϫ 100/body wt [g]) [13, 14] were calculated. During preparations and analyses, all biological samples were kept on ice. During the shipment, some samples were thawed and therefore had to be discarded.
Chlorinated hydrocarbons in fish liver samples
Fat content and chlorinated hydrocarbons were measured in pooled liver samples of tilapia and catfish. The methods used for extraction, cleanup, and quantification of the samples were as described by Marthinsen et al. [15] 189, 194, 196, 199, 206 , and 209, (International Union of Pure and Applied Chemistry numbering system), determined against the corresponding individual standards obtained from Cambridge Isotope Laboratories (Andover, MA, USA), as described earlier [16] . The sum of PCBs (⌺PCBs) refers to the respective sums of the selected 31 congeners, while the sum of DDTs (⌺DDTs) refers to the sum of p,pЈ-
, and p,pЈ-DDT. The sum of chlordane (⌺chlor-dane) refers to the sum of oxychlordane, trans-chlordane, cischlordane, and trans-nonachlor, while the sum of HCH (⌺HCH) refers to the sum of hexa-chlorocyclohexanes (␣-, ␤-, and ␥-HCH and lindane). The HCB was also analyzed. Gas chromatography (GC) was performed with a Carlo Erba HR gas chromatograph (5300 Mega Series, Ni 63 electron capture detector, SPB-5; Rodano, Milan, Italy; Supelco fused silica column, 60 m, 0.25-mm i.d., 0.25 m; Bellefonte, PA, USA) as described by Berg et al. [16] . The analyses were carried out at the Environmental Toxicology Laboratory of the Norwegian College of Veterinary Medicine, Oslo, Norway. The detection limits were 0.02 to 0.11 ng/g (PCBs), 0.04 to 0.05 ng/g (DDTs), 0.04 to 0.05 ng/g (chlordanes), 0.02 ng/g (HCB), and 0.01 to 0.05 ng/g (HCHs) depending on the matrices.
Fluorescent aromatic compounds in bile
Polycyclic aromatic hydrocarbon (PAH) exposure was analyzed by the measurement of fluorescent metabolites of benzo[a]pyrene in the bile of caged fish using direct fluorescence assays with fixed wavelength pairs on a Perkin-Elmer LS-5 spectrofluorometer (Boston, MA, USA). In order to avoid quenching of the fluorescence signal, the bile samples were diluted 1:1,600 in 48% ethanol and analyzed at fluorescent wavelength pairs (excitation/emission) of 379/425 nm [17] . All FAC concentrations were standardized against biliary protein measured according to Bradford [18] with bovine serum albumin as standard.
Chlorophenolic compounds in bile
The determination of chlorophenolics was performed mainly as described by Söderströ m et al. [19] . Briefly, bile fluid was treated with ␤-glucuronidase/sulfatase to cleave conjugates, and the free compounds were extracted with hexane/ methyl-tert-butyl ether (2:1). Prior to GC analysis, the extracts were acetylated using acetic anhydride/pyridine. Determination of the chlorophenolics was performed on a Varian Star gas chromatography/electron capture detector on a 30-m ϫ 0.25-mm-i.d. DB-5 column with a 0.25-m film thickness (J&W Scientific, Folsom, CA, USA). The identities of the substances were confirmed by gas chromatography/mass spectrometry (GC-MS) in full scan mode on a JEOL Automass II (JEOL, Tokyo, Japan) in two samples. The analyses were performed at ITM (Department of Applied Environmental Science), Stockholm University, Stockholm, Sweden.
Plasma parameters
All analyses of plasma constituents were performed according to standardized Technicon protocols and as described
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Environ. Toxicol. Chem. 24, 2005 1971 by Sandnes et al. [20] at the National Institute of Nutrition and Seafood Research, Bergen, Norway, using a Technicon RA-1000 clinical analyzer (Technicon Instruments, Tarrytown, NY, USA). The measurements included levels of glucose (Technicon method SM4-0143K86), total protein (SM4-0147J84), and aspartate aminotransferase (SM4-0137G85).
Postmitochondrial supernatant preparation
The postmitochondrial supernatant (PMS) was prepared according to Nilsen et al. [21] . Individual livers were homogenized in cold 0.1 M Na-phosphate buffer (0.1 M Na-phosphate, 0.15 M KCl, 1 mM ethylenediaminetetraacetic acid), 1 mM dithiothreitol, and 10% glycerol at pH 7.4 in a volume (ml) four times of the liver weight (g), using a Potter-Elvehjem glass-Teflon homogenizer (Janke and Kunkel KG, Staufen i. Br., Germany) and centrifuged at 12,000 g for 20 min at 4ЊC. The PMS was collected and stored at Ϫ80ЊC until further analysis. The protein concentration in the PMS fractions was measured by the Bradford assay [18] with bovine serum albumin as standard. Absorbance readings at 570 nm were done using a Titertek Multiscan Plus MkII (Flow Laboratories, Costa Mesa, CA, USA).
7-Ethoxyresorufin-O-deethylase assays
The 7-ethoxyresorufin-O-deethylase (EROD) activity was determined fluorimetrically at room temperature. The assays were performed with liver PMS in 0.1 M Na-phosphate at pH 6.8 (tilapia) and 7.5 (catfish) and in the presence of 0.6 M (tilapia) or 0.8 M (catfish) of 7-ethoxyresorufin according to Gadagbui et al. [22] .
Immunochemical studies
The CYP1A levels in PMS were determined immunochemically using an indirect enzyme-linked immunosorbent assay (ELISA) [21] . Briefly, 96-well microtiter plates (Nunc A/S, Roskilde, Denmark) were coated with PMS samples, blocked and incubated with the monoclonal mouse anti-fish CYP1A antibody FA-1 (15 g/ml, Biosense Laboratories, Bergen, Norway), followed by goat anti-mouse immunoglobulin horseradish peroxidase (GAM-HRP) conjugate diluted 1:3,000, (BioRad Laboratories, Hercules, CA, USA) and H 2 O 2 /4-chloro-1-naphthol (HRP color developing reagent, Bio-Rad Laboratories) for detection. For Western blot, proteins in the PMS samples were separated using sodium dodecyl sulfate polyacrylamide gel electrophoresis. The proteins were electroblotted onto nitrocellulose membranes and developed as described by Goksøyr et al. [23] using the same antibodies as in the ELISA assay. Visualization of the immunoblot with chemiluminescence (ECL-Western Blotting Kit, Amersham Biosciences, Buckinghamshire, UK) was also used to enhance sensitivity.
Sediment contaminants
Sediment samples were analyzed for PCBs (PCB-28, -52, -101, -118, -138, -153, -180) and DDT (mainly p,p-DDT) using GC-MS and GC-ECD, respectively, according to the method described by Klungsøyr et al. [24] . An SE-54 bonded phase fused silica capillary column (50 m, 0.22-mm i.d., 0.11 m) was used in both procedures.
For metal analyses, the sediment samples were dried (one sample per each site) at 100ЊC until constant weight. Parallel subsamples (about 0.2 g) were digested in 0.5 ml HNO 3 (65% concn.) and 0.5 ml H 2 O 2 using a standardized program in a Milestone microwave oven (Shelton, CT, USA) and then diluted to 25 ml. The digestion procedure has been found to perform satisfactorily for the elements copper (Cu), zinc (Zn), lead (Pb), mercury (Hg), and cadmium (Cd). Analyses were performed using the Totalquant mode on a Perkin-Elmer Elan 5000 inductive coupled plasma mass spectrometer as described earlier by Beyer et al. [10] . These analyses were performed at the Norwegian Water Research Institute (Oslo, Norway).
Statistical analysis
All statistical tests were performed using Statistica software (Ver 6.0) for statistical visualization developed by StatSoft (Tulsa, OK, USA). Data are reported in this study as means Ϯ standard error of mean (SEM). Statistical analysis of EROD activity and ELISA absorbances was performed on log-transformed data (base 10) to achieve variance homogeneity [25] . Analysis of variance was performed to detect treatment effects. Spjøtvoll-Stoline modification of the Tukey honestly significant difference post hoc test was performed to determine the differences between treatment groups with unequal numbers. Probabilities less than 0.05 (p Ͻ 0.05) were considered statistically significant. Percentile calculation was also made to compare the relative values with single sets of data (such as pooled samples and sediment samples).
RESULTS
Study area
Visual observation showed thick foam, suspended particles, and strong dark color of the river waters at the effluent outlets, with the intensity decreasing with distance downstream, while upstream sites did not show any signs of these changes in water.
The temperature of water was very similar at all the sites (30 Ϯ 2ЊC), while the pH of water at site S 3 (closest to the effluent outlets) was higher (8.2) than at other sites (7.0 Ϯ 0.4).
Sediment contaminants
The sediment samples (Table 1) apparently reflected a contaminant gradient in the river, with higher levels observed in the downstream sites (S 3 -S 6 ) compared to the reference site S 1 . Some specific contaminants like copper, cadmium, lead, and PCBs were found in higher levels in S 2 than in S 1 . Sediment PCBs followed a gradient pattern of highest levels near the KPM outlet (S 3 , fivefold higher than reference sites) and decreasing levels downstream. However, the other contaminants measured displayed different patterns, with Hg levels highest at site S 4 and DDT highest at site S 5 . The highest elevation of Cd and Cu (more than threefold) was also seen at S 5 , whereas other metals displayed only modest differences.
General observation of the experimental fish
During a pilot experiment to find suitable species for cage culture in the Karnaphuly River, high mortalities were observed in all the downstream sites (S 3 -S 6 ) using six local wellknown hardy fish species (two species at a time). The highest (100%) mortalities were observed at sites S 3 and S 6 in less than 72 h. None of the six fish species were able to survive more than 8 d at any of the downstream sites, while all (100%) fish at sites S 1 and S 2 remained alive (results not presented). The order of relative survival rate of fishes was C. batrachus Ͼ C. puntatus Ͼ P. sutchi Ͼ N. notopterus Ͼ L. calbasu Ͼ C. mrigala in the study area. a PCB ϭ polychlorinated biphenyl; DDT ϭ dichlorodiphenyltrichloroethane. All concentrations of metals, PCBs, and DDT are presented in ng/g sediment dry weight. During the final study, mortality was observed only at site 5 (6 of 20), while some catfish (12 of 20) at site S 1 , tilapia (3 of 10), and catfish (5 of 20) at site S 2 were lost to predation by otters as evidenced by damage to the cages. In addition, cages containing tilapia at site S 1 drifted away because of a sudden release of huge volume of water from an upstream hydroelectric dam. Cages containing tilapia at site S 5 and catfish at sites S 3 and S 4 were damaged by local cargo boats. However, some catfish (12 of 20) at site S 4 were recaptured and replaced in a similar new cage at the same site through taking quick measures. These unfortunate events are reflected in the lack of data from some of the sites in Tables 2 to 5 . The surviving fish generally appeared healthy. The external and internal screening of all 102 individuals sampled (33 tilapia and 69 catfish) did not identify visible signs of diseases or lesions. No fin rot or fin erosion was observed. The mortality observed at site S 5 could be due to receipt of additional discharges drained from nearby agro-forestry fields and timber plants through a channel between S 5 and S 6 .
Biological data
Neither CF nor liver somatic index of fish from the exposed sites was significantly different from reference values, although tilapia CF at S 6 was significantly higher than at S 3 and S 4 (Tables 2 and 3 ). The hepatic fat content (measured only in pooled samples) gradually increased from site S 2 to site S 6 in both fish species, and the hepatic fat content in catfish from site S 2 was almost double that of site S 1 . The protein concentration in liver PMS of catfish was significantly higher in fish from site S 5 and S 6 compared to site S 2 (results not shown), whereas in tilapia, a significant difference was observed only between sites S 3 and S 6 .
Chemical contaminants in liver
Because of the varying contents of hepatic fat, the levels of organochlorine contaminants measured in pooled liver samples of caged tilapia and catfish are presented on both a wetweight and a lipid-normalized basis in Tables 4 and 5 . In general, levels of HCB and ⌺DDTs were highest both in tilapia and catfish at site S 6 compared to the reference sites, independent of the way of presentation, whereas HCHs and PCBs, although slightly higher on a wet-weight basis, displayed no difference between reference and downstream sites. Chlordane was measured but not detected in any of the samples (results not shown). 
Chemical contaminants in bile
Bile analyzed for FACs, specifically benzo[a]pyrene, showed significant increases at sites S 3 and S 6 in caged tilapia, with highest levels observed at site S 3 (Table 2) , whereas generally low levels were observed in catfish, although a slight elevation was observed at S 6 (Table 3) .
However, in both tilapia and catfish, the biliary levels of chlorophenolic compounds (e.g., 2,4-dichlorophenol [2,4-DCP] and 2,4,6-trichlorophenol [2,4,6-TCP]) were severalfold higher at site S 6 , while the same compounds displayed very low levels at site S 4 both in tilapia and in catfish compared to the reference site S 2 (Table 6 ). Moreover, other chlorophenolic compounds like 2,4,5-trichlorophenol (2,4,5-TCP), 3,4,5-trichlorocatechol (3,4,5-TCC), 3,4,5-trichloroguaicol (3,4,5-TCG), 4,5,6-trichloroguaicol (4,5,6-TCG), and tetrachlorocatechol were detected only at site S 6 . Unfortunately, catfish bile samples from S 1 and S 3 were damaged during shipment to the laboratory in Stockholm, Sweden.
Hematological analysis
Plasma aspartate amino transferase levels, glucose, and protein levels were not significantly different between sites in any of the two species (Tables 2 and 3 ).
CYP1A analyses
In tilapia, CYP1A-mediated enzyme (EROD) activity was low in the reference site and increased downstream, with the highest activities at the farthest site (S 6 ). In catfish, no detectable EROD activity was found at any site (Tables 2 and  3) .
The CYP1A protein level measured as ELISA absorbances (CYP1A-ELISA) showed the lowest levels at the reference site S 2 for both species. Increased levels of CYP1A were observed in tilapia caged downstream, about 1.5-, 3.2-, and 3.7-fold at sites S 3 , S 4 , and S 6 , respectively (Table 2) , while in catfish, the levels were similar at all sites (Table 3) .
Immunochemical analysis of randomly selected tilapia and catfish liver PMS, using monoclonal fish CYP1A antibody FA-1 in Western blotting, revealed the presence of a clear immunopositive protein band in the CYP1A region (ϳ58 kDa) at all sites (Fig. 2 ) in addition to some higher-and lowermolecular-weight staining, probably due to breakdown products or protein aggregates. Though the intensity of the bands varied between samples from different sites, no clear induction of CYP1A was observed in the blots (although the strongest staining was observed in tilapia at site S 6 ).
DISCUSSION
A decline in the fish population in the part of the Karnaphuly River studied here, where fish stock was abundant only a few decades ago, is being reported (statistics collected from local fishery office and personal communication with the local fishers). This may be caused by several factors, such as physical changes of the environment (e.g., siltation), overfishing, infectious fish diseases, changes in community dynamics, and possible effects of chemical pollution (including pesticides drained from the agricultural lands along the river, chemicals used by the nearby timber industries, and finally the huge volume of untreated aqueous effluents from KPM). Since persistent organic substances tend to bioaccumulate and biomagnify in the food chain, species from higher trophic levels such as carnivorous fishes, predatory water birds, and mammals are potentially at high risk. As Karnaphuly River is still in use for intensive fishing and as a source of domestic use (bathing, washing, irrigation, even drinking), human populations, especially downstream of KPM, are considered to be a high-risk group. Reports indicate several health problems and complaints among the people living along the banks of the river (personal communication with the local doctors and patients).
The use of the two fish species tilapia and catfish (pelagic vs benthic) in this caging study provides an insight into the comparative effects of chemical contaminant exposure of sentinel organisms. Such exposure may lead to decreased growth, reproduction, and resistance to diseases in commercially valuable species and stocks, and it may lead to the transfer of contaminants to humans using local fish as an important food source.
Chemical identification of possible contaminants in aqueous effluents is a laborious, time consuming, and expensive task and of only limited use if no information exists about effects on aquatic life and environment. This study is the first assessment of biological effects of a paper and pulp mill effluent in the Karnaphuly River and the first evaluation of the a Concentrations (ng/g) measured as the mean of paired pooled samples of Nile tilapia (6-10) and sharptooth catfish (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) . DM ϭ data missing due to loss of cages and damage of samples (see Results); ND ϭ not detected. utility of different biomarkers as a biomonitoring tool in a water body of Bangladesh. The biological effects of the effluents were studied through the analysis of CYP1A activity and bioaccumulation of organochlorine compounds in liver tissue as well as detection of PAHs and chlorophenolic compounds in bile fluid of caged Nile tilapia and sharptooth catfish. The caging sites were chosen with the intent of having two upstream reference sites and four downstream exposed sites, hypothetically reflecting a gradient downstream from the KPM effluent outlet. Regular tidal effects, although reversing river flow to some extent, were not considered to be able to influence the river 2 km upstream. Still, during monthly high tides, the tidal effects were extensive and could lead to effluents from KPM being able to reach even to the upstream site S 2 . We therefore believe that this site may not serve as a true reference site, and this must be born in mind when considering the relative responses downstream of the reference sites. However, because of the loss of the cage, tilapia samples are missing from site S 1 , forcing us to use S 2 as a reference site for the tilapia caging. The sediment samples indicated low to moderate contamination to the system downstream of reference site S 1 , with much higher inputs of Hg (at site S 4 ) and DDT (site S 5 ), being 50-to 100-fold higher than reference values, respectively. The difference between sites S 1 and S 2 regarding the deposition of metals and PCBs indicates a tidal effect influencing also site S 2 with downstream contaminants.
Condition factor and hepatosomatic indices were somewhat lower in both fish at all exposed sites, except CF of tilapia at S 6 , which was significantly higher than the reference value. Woodsworth [26] reported that both CF and liver somatic index values were significantly lower than control in common jollytail (Galaxias maculatus) exposed to eucalyptus-based pulp mill effluent in a Tasmanian laboratory condition. Similar observations were also made in caged whitefish in Lake Saimaa, Finland [8] , and winter flounder in Birchy Cove, Canada [7] , exposed to paper and pulp mill effluents.
In hepatic tissue from the caged fish, relatively high levels of DDTs were found, especially in tilapia. The presence of high levels of DDT is probably due to the continued illegal use of DDT to control agricultural pests, mainly for economic reasons [27] . Hence, DDT is still in use for pest control in nearby agricultural lands. Both HCB and DDTs were highest at site S 6 in both fish species, indicating additional contaminant input to the system around this site. The compounds could be drained into the river system through a channel found between sites S 5 and S 6 . However, high levels of HCHs were found in catfish caged at all the downstream sites (including site S 2 , again indicating contaminant influx to this site through tidal action).
The measurements of biliary FACs in tilapia indicated PAH exposure (measured at the benzo[a]pyrene wavelength pair) at all downstream sites, although only site S 3 was significantly higher than the reference. In catfish, only moderate responses were observed. Similar differences between species have also been observed earlier by Beyer et al. [10] during a caging study with Atlantic cod and flounder. Analysis of biliary FACs has proven to be very useful as a biomarker for evaluating PAH exposure [19] , as well as in caging studies [10] , and the simple direct fluorimetric assay used in this study appears to be a convenient and sensitive method for such investigations.
Moderately hydrophobic chlorinated phenols, guaiacols, and catechols are characteristic components of bleached and kraft mill effluents. Phenolic compounds are known to be readily excreted from fish, primarily in bile and urine. Analysis of phenolic conjugates in fish bile is a useful biomonitoring tool for assessing the distribution of chlorinated phenolics in waters receiving pulp mill effluents as well as in areas remote from these sources [19] . A detection limit of 20 ng/g bile makes it possible to detect the effluent at long distances from the point of discharge. Detectable levels of chlorophenols (2,4-DCP, 2,4,6-TCP) were found around the KPM effluent at site S 3 but also at the upstream reference site S 2 , indicating an influence to this reference site. Unfortunately, catfish samples from site S 1 were also lost during transport, leaving us with no information about what these levels would be higher up in the river. Surprisingly perhaps, the midriver site S 4 showed the lowest levels of chlorophenols in fish bile, while the highest levels of 2,4-DCP, 2,4,6-TCP, and, in addition, 4,5,6-TCG, 3,4,5-TCG, and 3,4,5-TCC were found in fish bile from the downstream site S 6 . This could originate from nearby timber factories processing higher percentages of hardwood. Similar trends were pointed out by Neilson et al. [28] , who mentioned that this could be due to a leak from sediment for a long time after emission has ceased, at long distances from the discharge point, and that chlorocatechols can be formed from chloroguaiacols by the bacterial transformation process.
Determination of transaminases, such as aspartate aminotransferase, in serum or plasma has proven useful in the diagnosis of liver pathology in fish, but the activity may vary among fish species [10, 29] . The present study gave aspartate aminotransferase levels in tilapia that apparently reflected an exposure situation at sites S 3 and S 6 , with somewhat higher levels compared to reference site S 2 and the intermediate site S 4 . However, the differences were nonsignificant, and in catfish, no such pattern was observed. Soimasuo et al. [6] similarly reported no significant hematological changes in juvenile whitefish exposed to bleached kraft mill effluents.
Induction of CYP1A activity has been linked to the presence of aquatic pollutants, including PAHs, PCBs, polychlorinated dibenzo-p-dioxins (PCDDs), and chlorophenols [8, 10, [30] [31] [32] . The induction depends on the binding of the inducer to the aryl hydrocarbon receptor and the associated expression of a functional CYP1A enzyme [33, 34] . Results from this study showed a clear induction of EROD activity in hepatic tissue in tilapia caged at downstream sites, while it was under the detection limit at all sites in catfish. A similar induction response was observed in tilapia caged downstream a textile mill in the Volta River, Ghana [9] . Induction of CYP1A has been observed in earlier studies with perch exposed to unbleached paper and pulp mill effluents in Sweden and Finland [4, 35] . In our study, the strongest induction was observed at site S 6 . A lack of CYP1A induction as seen with catfish was observed by Borton et al. [36] during their life cycle study with fathead minnow exposed to kraft mill effluents. As EROD measurements require fresh or well-preserved (frozen) samples of liver or other target tissues [32] , we cannot exclude the possibility that the lack of EROD activity in catfish samples may be due to suboptimal storage conditions of samples during shipment from Bangladesh to Norway, although this was done in liquid nitrogen. The catfish results may also be explained by the presence of some potent inhibitor of CYP1A activities in the KPM effluents or in river water itself.
The CYP1A protein content measured by ELISA was detected in tilapia at increasing levels with respect to distance from the KPM effluent outlets, while in catfish this trend was irregular. The CYP1A levels in tilapia correlated positively with EROD activities in the same fish (results not shown, r ϭ 0.46).
In both species, the levels of contaminants were generally lower in fish caged at the reference sites (S 1 and S 2 ) than in fish caged at downstream sites (S 3 -S 6 ). Moreover, the levels were higher in fish from the sites closer to the effluent outlets (S 3 in tilapia and S 4 in catfish) than those farther away in tilapia (S 4 ) and in catfish (S 5 ), which is an indication of a pollution gradient in the river downstream from the KPM. Surprisingly, however, the levels of many of the contaminants in liver and bile (like PCB, DDT, HCB, and HCH in fish liver; 2,4-DCP, 2,4,6-TCP in fish bile) were higher again at the farthest site (site S 6 ), indicating the input of pollution from an additional source. The induced levels of CYP1A/EROD in tilapia from site S 6 give further support to the contaminant data, indicating additional contaminant input to the system between the more distant sites. A canal that carries local agricultural runoff and domestic wastes to the Karnaphuly River was found between sites S 5 and S 6 . The river basin topography at this specific area is deeper than the other part of the study area (more than 1 m deeper than the average depth), and deposition of contaminated sediment could therefore be even higher here than at the other sites.
Unfortunately, many of the analyses had to be performed on pooled samples, whereas other results were obtained from different numbers of individual fish. Therefore, a full multivariate correlation of all parameters from individual fish, although desirable, could not be performed.
CONCLUSION
In conclusion, caging in the Karnaphuly River clearly resulted in contaminant accumulation and biomarker responses in Nile tilapia and sharptooth catfish. Especially strong responses were seen in bile chlorophenolics and in liver EROD and CYP1A-ELISA in tilapia. Although this study did not supply enough evidence as to which particular contaminants are responsible for the biomarker responses in the fish species, pulp mill effluents from the KPM but also other industrial and agricultural discharges in the downstream area are implicated. Biomarker responses seemed in general stronger in tilapia than in catfish. This first assessment of the biological effects of organic pollutants in the Karnaphuly River demonstrates the utility of biomarker study as a useful tool that provides an early warning signal of contaminants. This can also help detect the effects of exposure to industrial effluents on aquatic fish resources in tropical waters. Considering this situation, biomarker responses in caged fish could be widely used in pollution monitoring programs of aquatic ecosystems in tropical countries like Bangladesh.
